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Quantum-dot microlasers based on whispering

gallery mode resonators

A E. Zhukov', N. V. Kryzhanovskaya', E. I. Moiseev' and M. V. Maximov?

Abstract

The subject of this paper is microlasers with the emission spectra determined by the whispering gallery modes. Owing
to the total internal reflection of light on the sidewalls, a high Q-factor is achieved until the diameter is comparable to
the wavelength. The light emission predominantly occurs in the plane of the structure, which facilitates the microlaser
integration with other elements. We focus on microdisk lasers with various types of the In(Ga)As quantum dots (QDs).
Deep localization of charge carriers in spatially separated regions suppresses the lateral diffusion and makes it possible
to overcome the undesirable effect of non-radiative recombination in deep mesas. Thus, using conventional epitaxial
structures and relatively simple post-growth processing methods, it is possible to realize small microlasers capable of
operating without temperature stabilization at elevated temperatures. The low sensitivity of QDs to epitaxial and
manufacturing defects allows fabricating microlasers using IlI-V heterostructures grown on silicon.

Introduction

In recent years, the use of optical communication lines
for data exchange between a processor and memory has
been actively discussed and already partially imple-
mented’. In the ultimate case, optical signals can probably
be used to interconnect photonic and microelectronic
elements in a single chip. The laser miniaturization,
required for a denser device arrangement, also contributes
to lowering the threshold current, facilitates single-
frequency lasing, and also promotes an increase in the
direct modulation bandwidth®. Soon after their inven-
tion®, the ability to reduce the lateral size down to <10 pm
was demonstrated in vertical cavity surface-emitting lasers
(VCSELs)*"°. Together with the progress in epitaxy of
strained quantum wells and in methods of lateral blocking
of charge carriers’, this made it possible to achieve
threshold currents <0.1 mA®, modulation frequencies
over 10 GHz’ and power consumption <100 fJ/bit"°.
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The use of microlasers in the computers or cellphones
of the future would be greatly facilitated by a low cost of
the laser, which can be achieved in case of simplification
of its design and manufacturing method. The ability to
integrate light emitters with silicon-based components is
also very useful. However, the VCSEL structure, which
comprises distributed Bragg reflectors, layers of gradient
compositions, and oxidized apertures, is quite complex.
Vertical light emission is not convenient for the integra-
tion'!, because it requires additional elements such as 45°
microreflectors'?, integrated gratings'®, microprisms*,
etc. All this, despite the significant success in VCSELs,
motivates the search for microlaser designs that are
simpler than VCSELs, have a lateral light outcoupling, and
can be integrated with Si-based elements, even if such
microlasers have slightly worse performance. All the
above characteristics can be realized with the help of
optical microcavities supporting whispering gallery modes
(WGM), as lasers can be implemented using a thin layer
sequence, very similar to that is commonly exploited in
edge-emitting lasers. No thick distributed Bragg reflec-
tors, layers to be oxidized, or complicated compositional
profiles are required.
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When the in-plane size shrinks to tens or even several
micrometers, non-radiative recombination at the side-
walls can become a serious problem. The first WGM
microlasers were fabricated using the InGaAsP/InP
material system'>'®, the advantage of which is an unu-
sually low velocity of surface recombination (<10*cm/
s'7), i.e., more than an order of magnitude lower than that
for (In)GaAs/(Al)GaAs QWs'®'?. Meanwhile, InGaAsP/
InP and, albeit to a lesser extent, AlGalnAs/InP materials
suffer from low heterojunction band offsets*>*!, which
leads to a poor temperature stability””. The application of
InGaAs/(Al)GaAs materials in WGM microlasers would
be problematic if not for quantum dots (QDs). The
reduced diffusion length and lowered velocity of surface
recombination can prevent an increase in the threshold
current density in small devices®. It has been revealed
that deep etching of a QD material, unlike QWs, does not
result in degradation of the laser performance®. This
behavior is explained by a strong reduction in the diffu-
sion length from several um in InGaAs QWs to ~0.1 pm
in InAs/GaAs QDSZS. Moreover, a low surface recombi-
nation velocity (~5 x 10* cm/s) was found in QD edge-
emitting lasers®®. A reduced sensitivity of QDs to defects
also contributes to the achievement of acceptable laser
characteristics even with highly defective materials, e.g.,
grown on a non-parent substrate. In view of the above, we
focused on microdisk lasers with QD-active region.

Epitaxial structures for microlasers

For microlaser fabrication, we used a separate confine-
ment Al,Ga; ,As/GaAs heterostructure. The waveguide
thickness and AlAs mole fraction x is always chosen to
support the fundamental vertical mode only. For x =0.35,
this corresponds to ~0.6 pm. Because GaAs spacers are
typically 35-50 nm thick®”?®, this gives enough space for at
least 10 planes of QDs, including those emitting ~1.3 pm.
Possible vertical alignment of QDs was not taken into
account when choosing the thickness of the spacer layers.

We exploited several types of epitaxial structures. The
first type structures were grown on z+-GaAs (100)
substrates by molecular-beam epitaxy (MBE) by Innolume
(Dortmund, Germany). They comprise several planes of
InAs/InGaAs Stranski—Krastanow (SK) QDs separated
with GaAs spacers. The active region is deposited from
solid elemental sources at lowered temperature (~480 °C).
First, initial InAs QDs are deposited in SK growth mode
and then they are overgrown with a thin InGaAs layer to
tune the emission wavelength. The amount of InAs in the
initial QDs is typically ~2.5...2.7 monolayers, whereas
the InGaAs covering layer has a thickness of ~5nm and
the InAs mole fraction of ~15%. The emission wavelength
(ground-state (GS) optical transition) is ~1.27...1.29 um.
This sort of QDs has previously allowed achieving very
low-threshold current densities® and high temperature
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stability®® in edge-emitting (macro) lasers, so it was very
natural to test them as the active region of injection
microlasers. Hereinafter, microlasers of this type are
referred to as QD-on-GaAs.

The structures for microlasers of another type, which
we called QWD-on-GaAs, are grown by metal-organic
vapor phase epitaxy at the Ioffe institute (St. Petersburg,
Russia) on GaAs substrates misoriented off (100) plane by
6°, which promotes transformation of InGaAs thin layers
of a moderate indium composition (~40%) into a dense
array of islands referred to as quantum well-dots
(QWDs)*!. Trimethylgallium, trimethylindium, trimethy-
laluminum, and arsine were used as precursors; tem-
perature of the active region growth was ~500°C. The
effective thickness of the deposited InGaAs was ~2 nm.
The QWD layer represents a dense array of In-rich islands
with typical lateral size of ~20-30nm and a height of
~3nm. A characteristic plan-view TEM image is pre-
sented in the left-hand inset to Fig. 1. The islands tend to
group into elongated nanowire-like objects; the surface
density of the islands in the mid of 10" em™2, e, ~10
times higher than that of SK QDs. Our idea was to
investigate the influence of the parameters of the active
region on the performance of microlasers: QWDs possess
an order of magnitude higher optical gain compared with
conventional Stranski—Krastanow QDs;** their spectrum
is shifted to shorter wavelengths (~1.05 um).

The majority of the experimental results discussed in
the present paper were obtained for microlasers of the
above-mentioned types. Still another type of hetero-
structures we exploited was developed at UCL (London,
UK). They also contain multiply stacked arrays of MBE-
grown InAs/InGaAs QDs described above. The distin-
guishing feature is that the III-V layers are monolithically
grown on silicon substrate with additional transient layers
including a short-period superlattice and dislocation fil-
ters to reduce the density of threading dislocations below

Fig. 1 Microdisk laser. Main panel: SEM image of QD-on-GaAs
microdisk with top contacts. Insets: plan-view TEM image of QWD
array (left panel); electric field distribution (right panel)
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Table 1 Summary of microlasers

Notation Growth method Active region Quantum dimensionality Substrate Emission wavelength, pm
QD-on-GaAs MBE INAs/INGaAs ob GaAs(100) ~1.28

QWD-on-GaAs MOCVD IN0.4GageAs 0D GaAs 6° off ~1.05

QD-on-Si MBE InAs/InGaAs 0D Si 4° off ~13

QW-on-GaAs MBE InGaAsN 2D GaAs(100) ~1.25

10° cm™2%*3% The structural properties of QDs grown on
Si are very similar to those grown on GaAs except density
of defects. The Si (100) substrate is 4° misoriented toward
[011], which facilitates single-domain growth. Broad-area
lasers made of epitaxial structures of this sort have
demonstrated promising threshold and reliability char-
acteristics. Our goal was to investigate the possibility of
their application to create microdisk lasers monolithically
integrated with silicon (QD-on-Si). When discussing the
threshold characteristics of microdisk lasers, we also
present the data we obtained for a structure with triple
Gag;Ing3NprAspeg quantum wells (QW-on-GaAs)
grown by nitrogen plasma MBE an #+-GaAs (100)
substrate at TUT (Tampere, Finland). The emission
wavelength is ~1.25 um; thus, the localization energy of
charge carrier in the active region is close to that in QD-
on-GaAs. These microlasers provide an opportunity to
study the effect of active region quantum dimensionality
on the device performance. Table 1 summarizes the types
of microlasers we studied and their main features.

Microcavity structure

The epitaxial structures of all types are processed into
cylindrical mesas of different diameters D varying from 10
to 50 um, which are defined photolithographically. No
passivation or coating is applied. A wide variety of etching
techniques have been used and we now rely upon the
inductively coupled BCls/Ar plasma dry-etching process.
The sidewall verticality within 5° is resulted, Fig. 1.
Although the mode intensity falls off quickly into the
depth of the cladding layer (right-hand inset to Fig. 1), we
found that the etching front should go deep enough, so
the mesa height is ~5 um. Otherwise, a sharp increase in
the threshold or even complete absence of lasing is
resulted. We also investigated microrings (Fig. 2), as well
as more complex shapes, e.g., race-tracks. Since the
WGMs are concentrated at the periphery of the micro-
cavity, we observe very little effect of the inner holes on
Q-factor, inter-mode distance, mode spectral positions
(inset to Fig. 2), and, to a lesser extent, on their intensities.
Moreover, the removal of some of the active material
leads to a decrease in the current required for the popu-
lation inversion. We guess, for this reason some research
groups prefer to deal with microrings rather than disks
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Fig. 2 Microring laser. Main panel: SEM image of QD-on-GaAs
microring. Inset: comparison of emission spectra of microdisk (upper
curve) and microring (lower curve) made of the same structure

(e.g., 35’36). However, our opinion is not so straightfor-

ward, as an additional open surface can cause additional
non-radiative recombination, and a smaller footprint
increases the electrical and thermal resistances.

Electrical contacts and resistance

Electrical n- and p-contacts are made using AgMn/Ni/
Au and AuGe/Ni/Au metallization, respectively. Top p-
contacts have a few pm smaller diameter than the mesa
itself. The mesas can be planarized, e.g., with SU-8 epoxy
dielectric, and larger contact pads are made over the
coating, Fig. 3. A common n-contact is usually placed on
the bottom side of the conductive GaAs substrate. The
substrate electrical resistance 1/(2Dg) is described using
the model of current spreading in a semi-infinite med-
ium with conductivity ¢*’. Unlike large-area mesas, it
turns out to be small compared with the resistance of the
mesa itself, which is Ryottom = pyig7(D/ 2)2 with the
specific resistance py ~1 x 10~* Q x cm?, Fig. 4. We did
not find a significant difference in the electrical char-
acteristics of microdisk lasers on a conductive GaAs
substrate made from different epitaxial structures we
exploited.
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Fig. 3 Planarization of microlaser. Planarized QWD-on-GaAs
microdisk with contact pad placed aside
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Fig. 4 Electrical resistance. Series electrical resistance of QWD-on-
GaAs microdisk lasers as a function of diameter; line correspond to
specific resistance of 107 Q) x cm?
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For structures on Si, the n-contact covers the n + -GaAs
buffer between the microdisks, Fig. 5. The resistance is
determined by the current crowding at the contact
edges®®”. We found® it can be approximated as

Rop = (\/Pag?/mD) 1o <2\/Zi5k/r)/11 <2\/Zi5k/r>, r being
sheet resistance of the buffer, I,,—modified Bessel
function of the first kind of the m-th order. If the disk
diameter is large, Riop = \/pgs?/ (D), which notice-
ably exceeds Rpottom for typical thicknesses of the buf-
fer, Fig. 6. For small diameters (D 30um), the
asymptotic behavior of the Bessel functions gives
Reop = Pais/T(D/2)?, i.e., top location of the n-contact
can be used in this case without compromising the
resistance.

Fig. 5 Arrays of microdisks. 6 x 5 arrays of QD-on-Si microdisks of
different diameters (11, 15...31 um) with gold-plated buffer layer

between mesas
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Fig. 6 Impact of the n-contact location. Calculated microdisk
resistance for conductive Ryorom (DOttom-contact; solid line) and non-
conductive R, (top-contact; dashed and dotted lines) substrate with

the conductive buffer of thickness h

Spectral characteristics and optical loss in QD WGM
microdisks

The emission wavelengths of microlasers are controlled
by the wavelengths of the GS optical transition of the
active region, which in turn is set by their specific features,
such as quantum dimensionality, chemical composition,
growth regime, etc., as summarized in Table 1. WGMs
manifest themselves as sharp lines located near the
maximum of the inhomogeneously broadened QD GS
optical transition, Fig. 7. Usually, the spectra exhibit from
one to four modes simultaneously with a separation
between them of ~5...10 nm being inversely proportional
to D. The mode intensity starts to grow sharply upon
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Fig. 7 Emission spectra. Main panel: whole emission spectrum of
QD-on-GaAs microdisk. Inset: spectrum taken with a higher resolution
near GS maximum
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Fig. 8 High-resolution emission spectra. Main panel: high-
resolution spectra of QWD-on-GaAs microdisk; numbers indicate the
injection current normalized to the threshold current (I/l.,). Inset:
linewidth (FWHM) against normalized injection current

reaching the threshold current, Fig. 8, which evidences the
onset of lasing. Similar behavior is also observed, when
QWD active region is used. The WGM lasing is further
confirmed by narrowing the mode linewidth (inset to
Fig. 8), as expected from the Schawlow-Townes laser
linewidth equation®'. At high injections, a gradual ignition
of the adjacent longer-wavelength WGM is observed, Fig.
9, whereas the initial lasing mode declines. Nevertheless,
at certain currents, the side mode suppression ratio is as
high as 25...35dB, i.e., the laser is quasi-singlemode. Still
higher currents can ignite the next mode, so the spectral
position of the brightest line jumps from one WGM to
another. This phenomenon appears to be similar to the
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Fig. 9 Mode wavelength and intensity. Spectral position (open
symbols) and line intensity (solid symbols) of three brightest WGMs of

QD-on-GaAs microdisk as a function of injection current
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Fig. 10 Optical loss. Main panel: calculated optical loss and its
components as a function of microdisk diameter. Inset: high-
resolution below-threshold spectrum of QWD-on-GaAs microdisk
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two-state lasing in quantum-dot edge-emitting lasers*>*?,

but its nature is quite different. Different explanations for
the origin of two-state lasing in QDs**~*” always involve a
shorter-wavelength (excited-state) optical transition. In
contrast, the lasing wavelength of the microlasers is red-
shifted remaining within the GS band, and thus can be
caused by an increase in temperature and a resulting shift
of the gain spectrum.

Q-factor of a WGM in a perfect dielectric cylinder is
limited by the light emission through the side surface*®*”,
and the loss sharply increases as soon as the diameter
becomes comparable to the wavelength, Fig. 10. Sidewall
roughness causes additional loss, which depends on the
effective volume of the light scatterers®. It can be esti-
mated from the splitting of a single WGM line into a
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doublet owing to the lift of the degeneracy of waves
propagating clockwise and counter-clockwise®*?, inset to
Fig. 10. Suggesting that the surface roughness amplitude
is independent of D, the scattering induced loss « D and
becomes below 2cm ™! for diameters exceeding 10 pm.
The free carrier absorption and some other mechanisms
known as internal loss in properly optimized QD- and
QWD-based edge-emitting lasers can be <I1...
2cm 1277354 5o the total optical loss in QD-on-GaAs
microdisks of typical size is expected to be about few

cm

Threshold current density

In Fig. 11, the threshold current densities Jy, are sum-
marized for microlasers of various types on GaAs sub-
strates. The statistical scatter of the data is probably
associated with some difference in the internal loss
(varying from wafer to wafer) and in sidewall scattering
(varying from one etching process to another). When both
of these effects are at their minimum levels, low values of
Jin are achieved, such as 257 A/cm? that belongs to 31-um
QD-on-GaAs microdisk. In general, lower J;, among
other counterparts are achieved in microlasers with these
InAs/InGaAs Stranski-Krastanow QDs, where the
majority of the experimental data can be described as:*®
Jin & Jo + 441 /D, with J, ~ 250 A/cm? and j, ~0.38 A/cm.
As D decreases from 50 to 15 um, /i, rises rather slowly,
from ~0.55 to ~1.2kA/cm” in average. We believe these
features can be explained by the low transparency current
density, relatively low optical loss, and suppressed non-
radiative recombination in QD structures.

QWD-on-GaAs microdisks exhibit higher threshold
current densities (on the order of kA/cm?) and stronger
dependence on the diameter (j; = 0.75 A/cm). We explain
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Fig. 12 Thermal resistance. Main panel: chip with several microdisks
of different sizes, mounted on holder, with wire welded to tested
microdisk. Inset: thermal impedance by microdisk area as a function of
diameter

this by smaller localization energy (since their emission is
shifted to shorter wavelengths compared to QD-on-GaAs)
and, therefore, higher population of the waveguide with
charge carriers, which can diffuse to the sidewalls. QW-
on-GaAs microlasers®®”’ are characterized by yet higher
values of Ji, ~ 10 kA/cm?; the o< 1 /D term has an order of
magnitude higher coefficient j; ~4.5A/cm. This is
despite the fact that the localization energy there is quite
large, since the emission wavelength is ~1.25um. The
only reasonable explanation can be a stronger surface
recombination, as the charge carriers in the active region
have the ability to freely approach the edges of the disk.

Microdisk thermal properties

Microdisk chips were mounted onto a copper holder,
Fig. 12, and tested in continuous-wave regime without
external cooling. In QD microdisk lasers with sufficiently
large diameters the characteristic temperatures 7, of
~90-100 K was found®®, whereas in smaller microlasers,
Jin increases sharply. It is attributed to a temperature
increment caused by Joule heat. This effect also manifests
itself through a redshift of the WGM lines, Fig. 9. Owing
to a relatively low temperature coefficient (~0.08 nm/K),
the redshift is small, but it increases with increasing
electrical power consumed with a slope determined by the
thermal resistance. The experimental data can be descri-
bed, suggesting the one-dimensional heat flux through the
mesa and the three-dimensional heat flow into the sub-
strate with the mean thermal conductivities xgigx and xsup
of ~0.15 and 0.5 cm x W/K (solid line in inset to Fig. 12),
which correlate with the thermal conductivity of
Al 35GagesAs and GaAs and, respectively59.

Because of self-heating, there exists a minimum diameter,
until which CW lasing can be realized; for a given microdisk
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Fig. 13 CW operation of microdisk lasers. Main panel: maximum
temperature of CW operation vs microdisk diameter: experiment
(QWD-on-GaAs) and simulation. Inset: light—current curve in CW
regime; P - power at detector, / - injection current

size there is an upper limit of the operating temperature,
Fig. 13. For example, Ty, is 110 °C for 30-pm QWD-on-
GaAs disk, but it drops to 40 °C for D =10 pm. The max-
imum operation temperature we achieved with QD-on-
GaAs microlasers is quite similar being 100 °C for a 30-um
disk. The model®®®!, which takes into consideration the Jy,-
vs-D relationship, satisfactorily describes the experimental
data. Self-heating is also responsible for the thermal rollover
behavior, inset to Fig. 13, revealed in the light-current
curves of the microdisk lasers similar to the behavior
reported for VCSELs®*~%°,

High-speed performance

It was revealed that QWD-on-GaAs microlasers are
capable of providing high-output power emitted into free
space. For example, in a 31 pm diameter QWD-on-GaAs
microdisk we measured a maximum power of 18 mW,
whereas a differential efficiency was ~31%°. This greatly
simplifies (compared with other types of microlasers we
studied) their characterization and, in particular, the
measurements of high-speed modulation performance.
Experiments on large signal modulation were performed
using a 2’-1 pseudo random binary sequence; the
microdisk emission was coupled to a lensed fiber and
analyzed with a large bandwidth optical sampling module
and a digital serial analyzer. Error-free data transmission
was realized with a maximum speed of 10 Gb/s®. This
correlates with the doubled values of —3 dB small-signal
modulation bandwidth; f3qg in the 6...7 GHz range was
measured in QWD-on-GaAs microdisk lasers®”. Our
results are in agreement with the data reported for QD
microrings®®®®,  Somewhat better performance was
achieved for InP-based microlasers, which, however,
require cooling as their temperature stability is poor (e.g.,
f3ap of 14-um InGaAsP/InP microdisk decreases from 20

Frequency, GHz

Fig. 14 Direct modulation of microdisk laser. Small-signal
frequency response of QWD-on-GaAs microdisk laser operating
uncooled (filled symbols) or with temperature stabilization (open
symbols) f34g - modulation bandwidth, /s - bias current, D - disk
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Fig. 15 Modulation bandwidths. Peak modulation bandwidth
depending on the diameter of the QWD-on-GaAs microdisk laser:
symbols—experiment, lines—modeling for different scenarios

to 12.4 GHz in the 14-40°C intervalzz). In contrast, the
absence of thermal stabilization of the QD microlaser
leads, at a fixed bias, to a decrease in fiqg by only 3%,
Fig. 14.

The dynamic performance of relatively large (>20 pm)
injection microdisks was found to be limited by the
capacitance-resistance time constant and capture times’”.
In smaller microdisks, the bandwidth is additionally affec-
ted by overheating AT, as faq < /T — I;,(AT) 7', Fig. 15.
Meanwhile, the K-factor limited modulation bandwidth, as
extracted from the relationship between the damping rate
and frequency of relaxation oscillations, is above 10 GHz">.
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Fig. 16 Energy consumption per bit. Energy-to-data ratio estimated
from modulation characteristics against bias current: symbols—
experiment (QWD-on-GaAs), lines—modeling with self-heating (solid
line) or without (dashed line)
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Even higher peak bandwidth of 20 GHz was estimated from
damped oscillations of the WGM intensity observed in
optically pumped 6-pum-microdisk laser”>.

The energy-to-data ratio (EDR) is a figure-of-merit for a
laser used for fata transmission’*. EDR < 2 pJ/bit>>”> have
been demonstrated for QWD-on-GaAs microdisk lasers.
For QD microrings on silicon the estimate gives a mini-
mum EDR of ~3.4 pJ/bit®®. These values are lower ~7 pJ/
bit previously reported for InP microlasers of comparable
size’®>. The minimum EDR in the QWD-on-GaAs
microdisk is achieved at a bias of about double I, since
a rapid decrease in f34p occurs at lower currents, whereas
Joule heat dissipation increases at higher currents, Fig. 16.
The EDR of 100 pJ/bit could be achieved in microdisk
lasers with a diameter of ~4 pm if the problem of over-
heating of small microlasers were solved™.

Microdisk lasers on silicon

Success in synthesis of III-V materials on silicon would
allow combining the capabilities of the CMOS technology
and high-speed optical sources to create optoelectronic
integrated systems for processing and transmitting
information”’. Despite the fact that the quality of III-V-
on-Si materials is still inferior compared with those on
GaAs, a reduced sensitivity of QDs to defects has made it
possible to make a breakthrough in Si-based lasers’®”’.
The threshold current densities of QD broad-area laser on
silicon (e.g., 62.5 A/cm?7®) are not too far from the best
values for those on GaAs. The threshold currents of QD
microlasers, monolithically integrated with silicon, have
also approached the values typical for GaAs, Fig. 17. In
microring lasers on V-grooved Si, the lowest J, increases
from 0.42 to 0.61 kA/cm? as an outer diameter is reduced
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Fig. 17 Quantum dot microlasers on silicon. Reported threshold
current density of QD-on-Si microlasers

. J

from 50 to 30 um>”. We have recently report a lower value
of 0.36 kA/cm? in 31-pm-microdisk (QD-on-Si), operat-
ing in CW regime without thermal stabilization. Special
mention should be made of microdisk/microring lasers
hybridly integrated with Si or SOI substrates. For these
purposes, heterostructures grown on InP substrates®’~5
are usually used. It has been recently demonstrated that
microlasers based on QD synthesized on GaAs sub-
strates®>*>%* can be used as well.

In®, the temporal stability of the emitted power of the
QD-on-Si microdisk laser was analyzed and the mean
time to failure of 8 x 10* h was estimated. This agrees with
the estimated time to failure of 10° h extracted for broad-
area lasers made of similar epitaxial structures””. It should
be noted that although it is significantly better than the
values previously reported for QW lasers on Si sub-
strates®>®°, it is still an order of magnitude inferior to the
lifetime of QD lasers on GaAs®’.

Conclusion

In conclusion, the use of self-organized QDs in mac-
rolasers has led to a significant reduction of the laser’s
threshold current density and drastic improvement of
their temperature stability. QD lasers have demonstrated
some unique properties such as the possibility to cover
previously inaccessible spectral ranges, ultrawide gain
spectra and lasing spectra, low-intensity noise of indivi-
dual optical modes, etc. This, however, did not strongly
change the market, which is still dominated by QW lasers.
With the advent of microdisk/microring lasers, including
microlasers on silicon, a niche appears for QDs, in which
their specific properties are even more in demand, as they
provide the very possibility of implementing such devices.
The localization of charge carriers in spatially separated
islands makes QD microlasers weakly sensitive both to
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defects arising from the synthesis on a non-native sub-
strate and to those formed during the microcavity etching.
As a result, the design of the device and its manufacturing
technology can be significantly simplified without sacri-
ficing its functionality. Investigations carried out in recent
years have shown not only the fundamental possibility of
creating such QD-based microlasers, but also demon-
strated promising characteristics. For example, low-
threshold microdisk lasers capable of operating at ele-
vated temperatures have been reported; robustness
against deep etching was revealed; monolithic or hybrid
integration with silicon was implemented; some pre-
liminary, but promising results on high-speed operation,
data transmission, and reliability have been achieved. All
this supports our expectations regarding the possible use
of these lasers for optical interconnects and on-chip
optical sources.

Our experimental findings confirm that 3D localiza-
tion of charge carriers in the active region is a key factor
for high-performance microlasers. For example, it was
demonstrated that acceptably low-threshold current
densities can be achieved in microlasers of small dia-
meter with either InAs/InGaAs Stranski-Krastanow
QDs (QD-on-GaAs) or InGaAs dense quantum dots
(QWD-on-GaAs), whereas quantum well-based
microlaser (QW-on-GaAs) suffer from significant sur-
face recombination. When comparing microlasers
based on different types of quantum dots (QD-on-GaAs
and QWD-on-GaAs), we found that deeper localization
energy contributes to better threshold characteristics,
which can be explained by more complete suppression
of charge carrier transport along the GaAs matrix
waveguide. Meanwhile, the higher density of islands in
QWD-on-GaAs structures is possibly the reason for
their higher external efficiency compared to QD-on-
GaAs, which favors their use in various applications,
including optical data transmission.

The recent studies have also revealed a number of issues
to be addressed. First of all, this concerns a further
reduction in the power consumption and heat dissipation,
which should make it possible to realize the high-speed
operation of microlasers with diameters of several
micrometers rather than several tens of micrometers.
Another serious challenge is the suppression of parasites
that reduce the modulation speed. One can also hope for
the development of various schemes for microlaser inte-
gration with functional substrates and photonic elements.
In particular, a possible way to integrate a III-V-based
emitter with silicon is to transfer a prefabricated QD-
based device or an array of devices onto a silicon surface
with the use of a soft intermediate paste capable of
compensating for the difference in thermal expansion
coefficients. The very first steps in this direction have
been made recently.

Page 9 of 11

Acknowledgements

This work was supported by the Russia Science Foundation under grant 19-72-
30010. Support of optical measurements from the Basic Research Program of
the National Research University Higher School of Economics is gratefully
acknowledged.

Author contributions

AZ,NK, and M.M. conceived the concepts. NK, M\M,, AZ, and EM. designed
the experiments. N.K, M\M,, and EM. carried out the experiments. A.Z.
performed the device modeling and wrote the paper. All authors contributed
to the discussion of the results and preparation of the paper.

Data availability

The data that support the conclusions within this paper and the other findings
of this study are available from the corresponding authors upon reasonable
request.

Conflict of interest
The authors declare no competing interests.

Received: 14 December 2020 Revised: 24 March 2021 Accepted: 30 March
2021
Published online: 15 April 2021

References

1. Sun, C et al. Single-chip microprocessor that communicates directly using
light. Nature 528, 534-538 (2015).

2. Coldren, L. A, Corzine, S. W. & Masanovi¢, M. L. Dynamic effects. In Diode
Lasers and Photonic Integrated Circuits. 2nd edn (ed. Chang, K) Ch. 5 (Wiley,
2012).

3. Soda, H. et al. GalnAsP/InP surface emitting injection lasers. Jpn. J. Appl. Phys.
18, 2329-2330 (1979).

4. lga, K, Kinoshita, S. & Koyama, F. Microcavity GalaAs/GaAs surface-emitting
laser with ly, = 6 mA. Electron. Lett. 23, 134-135 (1987).

5. Koyama, F, Kinoshita, S. & Iga, K Room-temperature continuous wave lasing
characteristics of a GaAs vertical cavity surface-emitting laser. Appl. Phys. Lett.
55, 221-222 (1989).

6. Jewell, J. L et al. Low-threshold electrically pumped vertical-cavity surface-
emitting microlasers. Electron. Lett. 25, 1123-1124 (1989).

7. Choquette, K D. et al. Selective oxidation of buried AlGaAs versus AlAs layers.
Appl. Phys. Lett. 69, 1385-1387 (1996).

8. Huffaker, D. L. & Deppe, D. G. Intracavity contacts for low-threshold oxide-
confined vertical-cavity surface-emitting lasers. IEEE Photon. Technol. Lett. 11,
934-936 (1999).

9. Chang, Y. C. et al. High-efficiency, high-speed VICSELs with deep oxidation
layers. Electron. Lett. 42, 12811282 (2006).

10.  Moser, P. et al. 56 fJ dissipated energy per bit of oxide-confined 850 nm
VICSELs operating at 25 Gbit/s. Electron. Lett. 48, 1292-1294 (2012).

11, Liy, A et al. Vertical-cavity surface-emitting lasers for data communication and
sensing. Photon. Res. 7, 121-136 (2019).

12. Shen, P. K. et al. On-chip optical interconnects integrated with laser and
photodetector using three-dimensional silicon waveguides. Proceed-
ings of 2014 Optical Fiber Communication Conference. (2014), paper
M2K6.

13, Louderback, D. A. et al. VCSELs with monolithic coupling to internal horizontal
waveguides using integrated diffraction gratings. Electron. Lett. 40, 1064-1065
(2004).

14. Kaur, K S. et al. Flip-chip assembly of VCSELs to silicon grating couplers via
laser fabricated SU8 prisms. Opt. Express 23, 28264-28270 (2015).

15. Levi, A. F. J. et al. Room temperature operation of microdisc lasers with
submilliamp threshold current. Electron. Lett. 28, 1010-1012 (1992).

16.  Slusher, R. E. et al. Threshold characteristics of semiconductor microdisk lasers.
Appl. Phys. Lett. 63, 1310-1312 (1993).

17. Nolte, D. D. Surface recombination, free-carrier saturation, and dangling bonds
in InP and GaAs. Solid-State Electron. 33, 295-298 (1990).

18.  Swaminathan, V. et al. Evidence for surface recombination at mesa sidewalls of
self-electro-optic effect devices. J. Appl. Phys. 68, 4116-4118 (1990).



Zhukov et al. Light: Science & Applications (2021)10:80

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

47.

48.

Hu, S. Y. et al. Lateral carrier diffusion and surface recombination in InGaAs/
AlGaAs quantum-well ridge-waveguide lasers. J. Appl. Phys. 76, 4479-4487
(1994).

Krijn, M. P. C. M. Heterojunction band offsets and effective masses in IV
quaternary alloys. Semicond. Sci. Technol. 6, 27-31 (1991).

Vurgaftman, 1, Meyer, J. R. & Ram-Mohan, L. R. Band parameters for llI-V
compound semiconductors and their alloys. J. Appl. Phys. 89, 5815-5875
(2001).

Zou, L. X. et al. Thermal and high speed modulation characteristics for
AlGalnAs/InP microdisk lasers. Opt. Express 23, 2879-2888 (2015).

Coldren, L. A, Corzine, S. W. & Masanovi¢, M. L. Gain and current relations. In
Diode Lasers and Photonic Integrated Circuits, 2nd edn (ed. Chang, K) Ch. 4
(Wiley, 2012).

Ouyang, D. et al. High performance narrow stripe quantum-dot lasers with
etched waveguide. Semicond. Sci. Technol. 18, 53154 (2003).

Fiore, A. et al. Carrier diffusion in low-dimensional semiconductors: a com-
parison of quantum wells, disordered quantum wells, and quantum dots.
Phys. Rev. B 70, 205311 (2004).

Moore, S. A. et al. Reduced surface sidewall recombination and diffusion in
quantum-dot lasers. IEEE Photonics Technol. Lett. 18, 1861-1863 (2006).
Zhukov, A. E. et al. Long-wavelength lasing from multiply stacked InAs/InGaAs
quantum dots on GaAs substrates. Appl. Phys. Lett. 75, 1926-1928 (1999).
Liu, H. Y. et al. Improved performance of 1.3 um muiltilayer InAs quantum-dot
lasers using a high-growth-temperature GaAs spacer layer. Appl. Phys. Lett. 85,
704-706 (2004).

Deppe, D. G. et al. Quantum dot laser diode with low threshold and low
internal loss. Electron. Lett. 45, 54-56 (2009).

Fathpour, S. et al. The role of Auger recombination in the temperature-
dependent output characteristics (Ty = o) of p-doped 1.3 pm quantum dot
lasers. Appl. Phys. Lett. 85, 5164-5166 (2004).

Mintairov, S. A. et al. GaAs quantum well-dots solar cells with spectral response
extended to 1100 nm. Electron. Lett. 51, 1602-1604 (2015).

Maximov, M. et al. Modification of InGaAs/GaAs heterostructure density of
states and optical gain using hybrid quantum well-dots. Laser Phys. Lett. 17,
095801 (2020).

Tang, M. C. et al. Optimizations of defect filter layers for 1.3-um InAs/GaAs
quantum-dot lasers monolithically grown on Si substrates. [EEE J. Sel. Top.
Quantum Electron. 22, 1900207 (2016).

Chen, S. M. et al. 1.3 um InAs/GaAs quantum-dot laser monolithically grown
on Si substrates operating over 100 °C. Electron. Lett. 50, 1467-1468 (2014).
Wan, Y. T. et al. O-band electrically injected quantum dot micro-ring lasers on
on-axis (001) GaP/Si and V-groove Si. Opt. Express 25, 26853-26860 (2017).
Zhang, C. et al. Hybrid quantum-dot microring laser on silicon. Optica 6,
1145-1151 (2019).

Timsit, R. S. Contact interface conduction. in Electrical Contacts: Principles and
Applications 2nd edn (ed Slade P. G) Ch. 1 (Boca Raton: CRC Press, 2014).
Niskov, V. Y. & Kubetskii, G. A. Resistance of ohmic contacts between metals
and semiconductor films. Sov. Phys. - Semiconductors 4, 1553-1554 (1971).
Marlow, G. S. & Das, M. B. The effects of contact size and non-zero metal
resistance on the determination of specific contact resistance. Solid-State
Electron. 25, 91-94 (1982).

Zhukov, A. E. et al. Taking account of the substrate in calculation of the
electrical resistance of microdisk lasers. Semiconductors 55, 250-255 (2021).
Schawlow, A. L. & Townes, C. H. Infrared and optical masers. Phys. Rev. J. Arch.
112, 1940-1949 (1958).

Zhukov, A. E. et al. Output power and its limitation in ridge-waveguide 1.3 pm
wavelength quantum-dot lasers. Semicond. Sci. Technol. 18, 774-781 (2003).
Markus, A. et al. Simultaneous two-state lasing in quantum-dot lasers. Appl.
Phys. Lett. 82, 1818-1820 (2003).

Markus, A. & Fiore, A. Modeling carrier dynamics in quantum-dot lasers. Phys.
Status Solidi (A) 201, 338-344 (2004).

Kim, Y. J, Joshi, Y. K & Fedorov, A. G. Thermally dependent characteristics and
spectral hole burning of the double-lasing, edge-emitting quantum-dot laser.
J. Appl. Phys. 107, 073104 (2010).

Lee, J. & Lee, D. Double-state lasing from semiconductor quantum dot laser
diodes caused by slow carrier relaxation. J. Korean Phys. Soc. 58, 239-242
(2011).

Korenev, V. V. et al. Analytical approach to the multi-state lasing phenomenon
in quantum dot lasers. Appl. Phys. Lett. 102, 112101 (2013).

McCall, S. L. et al. Whispering-gallery mode microdisk lasers. Appl. Phys. Lett. 60,
289-292 (1992).

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 10 of 11

Braginsky, V. B, Gorodetsky, M. L. & lichenko, V. S. Quality-factor and nonlinear
properties of optical whispering-gallery modes. Phys. Lett. A 137, 393-397
(1989).

Borselli, M, Johnson, T. J. & Painter, O. Beyond the Rayleigh scattering limit in
high-Q silicon microdisks: theory and experiment. Opt. Express 13, 1515-1530
(2005).

Weiss, D. S. et al. Splitting of high-Q Mie modes induced by light back-
scattering in silica microspheres. Opt. Lett. 22, 1835-1837 (1995).

Gorodetsky, M. L, Pryamikov, A. D. & lichenko, V. S. Rayleigh scattering in high-
Q microspheres. J. Opt. Soc. Am. B 17, 1051-1057 (2000).

Kovsh, A. R. et al. InAs/InGaAs/GaAs quantum dot lasers of 1.3 um range with
high (88%) differential efficiency. Electron. Lett. 38, 1104-1106 (2002).
Maximov, M. V. et al. Light emitting devices based on quantum well-dots.
Appl. Sci. 10, 1038 (2020).

Kryzhanovskaya, N. V. et al. Evaluation of energy-to-data ratio of quantum-dot
microdisk lasers under direct modulation. J. Appl. Phys. 126, 063107 (2019).
Moiseey, E. I. et al. Room temperature lasing in injection microdisks with
INGaAsN/GaAs quantum well active region. J. Phys. Conf. Ser. 1124, 081048
(2018).

Moiseev, E. I. et al. Comparative analysis of injection microdisk lasers based on
InGaAsN quantum wells and InAs/InGaAs quantum dots. Semiconductors 54,
263-267 (2020).

Moiseey, E. et al. Highly efficient injection microdisk lasers based on quantum
well-dots. Opt. Lett. 43, 4554-4557 (2018).

Adachi, S. Thermal properties. In GaAs and Related Materials: Bulk Semi-
conducting and Superlattice Properties, Ch. 3. (World Scientific, 1994).

Zhukov, A. E. et al. Impact of self-heating and elevated temperature on per-
formance of quantum dot microdisk lasers. [EEE J. Quantum Electron. 56,
2000908 (2020).

Zhukov, A. E et al. Ultimate lasing temperature of microdisk lasers. Semi-
conductors 54, 677-681 (2020).

Scott, J. W. et al. Modeling temperature effects and spatial hole burning to
optimize vertical-cavity surface-emitting laser performance. IEEE J. Quantum
Electron. 29, 12951308 (1993).

Nakwaski, W. & Osiriski, M. On the thermal resistance of vertical-cavity surface-
emitting lasers. Opt. Quantum Electron. 29, 833-892 (1997).

Al-Omari, A. N. & Lear, K. L. VCSELs with a self-aligned contact and copper-
plated heatsink. IEEE Photon. Technol. Lett. 17, 1767-1769 (2005).

Baveja, P. P. et al. Assessment of VCSEL thermal rollover mechanisms
from measurements and empirical modeling. Opt. Express 19,
15490-15505 (2011).

Zubov, F. et al. High speed data transmission using directly modulated
microdisk lasers based on InGaAs/GaAs quantum well-dots. Opt. Lett. 44,
5442-5445 (2019).

Kryzhanovskaya, N. V. et al. Direct modulation characteristics of microdisk lasers
with InGaAs/GaAs quantum well-dots. Photonics Res. 7, 664-668 (2019).
Wan, Y. T. et al. Directly modulated quantum dot lasers on silicon with a
milliampere threshold and high temperature stability. Photonics Res. 6,
776-781 (2018).

Wan, Y. et al. On-chip detection from directly modulated quantum dot microring
lasers on Si. 2018 Progress in Electromagnetics Research Symposium (PIERS -
Toyama), 249-253 (2018).

Zhukov, A. E. et al. The effect of self-heating on the modulation characteristics
of a microdisk laser. Tech. Phys. Lett. 46, 515-519 (2020).

Chen, T.R. et al. Very high modulation efficiency of ultftalow threshold current
single quantum well InGaAs lasers. Electron. Lett. 29, 1525-1526 (1993).
Nagarajan, R. et al. Transport limits in high-speed quantum-well lasers:
experiment and theory. IEEE Photon. Technol. Lett. 4, 121-123 (1992).
Talalaev, V. et al. Dynamics of broadband lasing cascade from a single dot-in-
well InGaAs microdisk. Sci. Rep. 9, 5635 (2019).

Moser, P. et al. 81 fJ/bit energy-to-data ratio of 850 nm vertical-cavity surface-
emitting lasers for optical interconnects. Appl. Phys. Lett. 98, 231106 (2011).
Zhukov, A. E. et al. Energy consumption for high-frequency switching of a
quantum-dot microdisk laser. Tech. Phys. Lett. 45, 847-849 (2019).

Yang, Y. D. et al. Direct-modulated waveguide-coupled microspiral disk lasers
with spatially selective injection for on-chip optical interconnects. Opt. Express
22, 824-838 (2014).

Cornet, C, Léger, Y. & Robert, C. Laser integration challenges. In Integrated
Lasers on Silicon, Ch. 1. (London: ISTE Press, 2016).

Chen, S. M. et al. H. Electrically pumped continuous-wave llI-V quantum dot
lasers on silicon. Nat. Photon. 10, 307-311 (2016).



Zhukov et al. Light: Science & Applications (2021)10:80

79.

80.

81.

82.

83.

Liu, A. Y. et al. High performance continuous wave 1.3 um quantum dot lasers
on silicon. Appl. Phys. Lett. 104, 041104 (2014).

Liang, D. et al. Low threshold electrically-pumped hybrid silicon microring
lasers. IEEE J. Sel. Top. Quantum Electron. 17, 1528-1533 (2011).

Tanabe, K, Watanabe, K & Arakawa, Y. ll-V/Si hybrid photonic devices by
direct fusion bonding. Sci. Rep. 2, 349 (2012).

Zhang, C. et al. Thermal management of hybrid silicon ring lasers for high
temperature operation. IEEE J. Sel. Top. Quantum Electron. 21, 1502607 (2015).
Zhukov, A. E. et al. InAs/GaAs quantum dot microlasers formed on silicon
using monolithic and hybrid integration methods. Materials 13, 2315 (2020).

85.

86.

87.

Page 11 of 11

Zhukov, A. E et al. Lasing of injection microdisks with InAs/InGaAs/GaAs
quantum dots transferred to silicon. Tech. Phys. Lett. 46, 783-786 (2020).
Choi, H. K, Wang, C. A. & Karam, N. H. GaAs-based diode lasers on Si with
increased lifetime obtained by using strained InGaAs active layer. Appl. Phys.
Lett. 59, 2634-2635 (1991).

Kazi, Z. . et al. Realization of GaAs/AlGaAs lasers on Si substrates using epitaxial
lateral overgrowth by metalorganic chemical vapor deposition. Jpn. J. Appl.
Phys. 40, 4903-4906 (2001).

Krestnikov, 1. et al. Reliability study of InAs/InGaAs quantum dot diode lasers.
Electron. Lett. 41, 1330-1331 (2005).



	Quantum-dot microlasers based on whispering gallery mode resonators
	Introduction
	Epitaxial structures for microlasers
	Microcavity structure
	Electrical contacts and resistance
	Spectral characteristics and optical loss in QD WGM microdisks
	Threshold current density
	Microdisk thermal properties
	High-speed performance
	Microdisk lasers on silicon

	Conclusion
	Acknowledgements




